RESULTS

Mauthner Cells Are Bilaterally Active in S-Starts, but Bilateral M-Cell Firing through Intracellular Current Injection Does Not Result in an S-Start Motor Pattern
The model for the M-cell circuit and motor function, based originally on work in goldfish [1, 2] , explains neural control of a unilateral motor response generated from unilateral M-cell activation ( Figure S1A ). However, motor pattern recordings in larval zebrafish, pikes, and muskies [5] [6] [7] indicate that the rapid initial startle movement can demonstrate two discrete motor outputs in the same individual: the previously described unilateral C-start, and the S-start, where there is regional motor activity on both sides of the body simultaneously (Figures S1B and S1C).
We assessed M-cell activity during startles in response to caudal electrical stimulation (tail startles) with dual M-cell current-clamp recordings and used extracellular recordings of spinal ventral roots to differentiate between S-start and C-start responses (N = 19 fish, n = 83 trials; Figure 1 ). C-starts and S-starts were classified as previously described and summarized in the methods [5, 7] . Ten individuals performed both C-and S-starts. An electrical stimulus was previously shown to elicit C-start and S-start behaviors equivalent to those generated with tail touch stimulations [7] , and trials where anitidromic M-cell spikes without a depolarizing shoulder were not included in the analysis ( Figure S2 ). There was no discernable difference in the stimuli that generated either response; an individual could generate both responses to stimuli of the same strength, duration, and position.
In trials where the S-start motor pattern was observed (N = 12, n = 30), both M-cells spiked before the first burst of motor activity was observed in the extracellular ventral root electrodes (Figure 1B) . The latency difference between the two M-cell spikes in S-starts ranged from 0.02-1.96 ms, with an average difference of 0.37 ± 0.49 ms (average ±SD) ( Figure 1D ). In trials where the C-start motor pattern was observed (N = 11, n = 53), M-cells were either bilaterally (n = 23) or unilaterally (n = 30) active (Figure 1B) . In C-starts with bilateral M-cell activity, the average difference between M-cell spikes was 0.41 ± 0.36 ms ( Figure 1D ). There was no significant difference with C-start motor patterns generated through bilateral or single M-cell firing in onset latency or burst duration in either ventral root electrode (Mann-Whitney U test, p > 0.05). Neither was there a significant difference between the timing of the ipsilateral M-cell spike and the first burst of motor activity in the contralateral rostral electrode (t test, p > 0.05). C-starts generated through single or bilateral M-cell firing thus, functionally, appear to be the same behavior.
That bilateral M-cell firing with comparable latencies could generate both S-starts and C-starts suggested that other mechanisms are involved in differentiating motor output. We further explored this hypothesis by examining whether bilateral M-cell firing was sufficient to elicit an S-start. Suprathreshold current was injected into either one M-cell or both simultaneously. In trials where M-cells were fired simultaneously, the spikes fired within 0.03-2.01 ms of each other, with an average difference of 0.92 ± 0.60 ms ( Figures 1C and 1E ). This range of latencies overlapped with the firing latencies found between M-cells in tail stimulation trials. Firing either one (N = 14, n = 23) or both M-cells (N = 4, n = 13) always resulted in a C-start motor pattern on the opposite side of the first M-cell to fire, and never an S-start motor pattern ( Figures 1C and 1E ), demonstrating that descending input from the M-cells alone is not sufficient to generate the S-start motor pattern.
Primary Motoneurons in the Caudal Spinal Cord Receive Short-Latency Inhibition before Receiving Mauthner Excitation during Tail Startles
We hypothesized that the specification of the S-start motor pattern requires local caudal spinal circuits that could drive output patterns that differed from rostral activity. We used current-clamp recordings to monitor the activity of primary motor neurons during tail startles to determine what type of input they were receiving and the timing of these inputs relative to M-cell activation. Motoneuron activity was recorded in the caudal spinal cord where the motor pattern difference between Table S1 .
S-starts and C-starts is most apparent. We focused on the largest primary motoneuron, the caudal primary motoneuron (CaP), in the caudal spinal cord opposite the stimulus. One CaP is present in each spinal hemisegment, and projects into a single myomere where it innervates the majority of ventral musculature [10] [11] [12] .
We first examined caudal CaP motoneurons recorded from segments posterior to the anus (Figures 2A and 2B) . Surprisingly, short-latency inhibition was observed in caudal CaPs opposite the stimulus in both S-starts (N = 5, n = 9) and C-starts (N = 11, n = 21) ( Figure 2B ). Inhibition began at 2.35 ± 0.81 ms and 2.33 ± 0.98 ms for S-starts and C-starts, respectively, and was not significantly different (t test, p > 0.05). Inhibition in caudal CaPs on the side of the initial bend was unexpected because current understanding of the C-start circuit predicts inhibition in motoneurons on the opposite side from muscle contraction and active bending. The latency of the start of inhibition was also shorter than expected by known inhibitory mechanisms that are driven by M-cell activation of commissural local (CoLo) interneurons that have been demonstrated to inhibit contralateral motoneurons [13] . Thus, not only is the short-latency inhibition unpredicted, but also it is much faster than what would be reasonable if generated by the M-cells. Although latency to the start of inhibition was comparable between S-and C-starts, the duration of inhibition differed significantly between the two behaviors. Inhibition was much longer in caudal CaPs opposite the stimulus during S-starts than during C-starts (duration for S-starts: 10.65 ± 5.76 ms, C-starts: 5.84 ± 2.40 ms; t test, p < 0.05) ( Figure 2E ).
We next recorded from CaPs in the rostral spinal cord (segments 7-9) opposite the stimulus to investigate the motoneuron activity associated with the major rostral body bend ( Figures 2C  and 2D ). Contralateral rostral CaPs fired at 7.13 ± 1.05 ms and 7.43 ± 1.19 ms for S-starts (N = 3, n = 5) and C-starts (N = 4, Table S1 . n = 9), respectively, appropriately timed to drive body bending ( Figure 2D ). As expected, no short-latency inhibition was observed before the first spike of CaP motoneurons in S-starts or C-starts.
To determine the timing of the M-cell spike in relation to the short-latency inhibition in CaPs, we conducted paired recordings between the ipsilateral M-cell and contralateral caudal CaPs (N = 10, n = 29) (Figures 2F-2H) . In all trials, the M-cell fired after the start of short-latency inhibition in caudal CaPs (S-starts: 9.67 ± 1.35 ms; C-starts: 8.36 ± 2.15 ms) ( Figures 2G and 2H ). Inhibition observed in caudal CaPs before the M-cell fired, and thus before the M-cell spike arrived at the caudal spinal cord, suggests that the short-latency inhibition of caudal CaPs was not elicited by M-cells but possibly provided through local inhibitory interneurons.
CoLo Interneurons Fire Bilaterally during Tail Startles and Can Be Activated by Sensory Rohon-Beard Cells
Localized inhibition in motoneurons of the caudal region suggests sensory input to the caudal spinal cord that activates inhibitory interneurons with localized projections. Candidate inhibitory cells include the CoLo neurons that function to inhibit motoneurons during escapes [1, 13, 14] . One CoLo on either side of the spinal cord is present in each spinal hemisegment. Dual CoLo recordings from opposite sides of the caudal spinal cord were performed to investigate CoLo activity during tail stimuli elicited escapes. CoLos have been shown to produce very small spikes when fired, most likely a result of the spike initiation zone being far away from the soma where recordings are made [13] . We observed the same spiking behavior as described before: suprathreshold current injection yielded a small spike; M-cell elicited spikes (N = 8, n = 16) had a latency of 1.17 ± 0.22 ms and amplitude of 12.18 ± 7.52 mV ( Figures 3A and  3B ). The small amplitude and shape of CoLo spikes made it difficult to determine whether depolarizations in current-clamp traces were excitatory post-synaptic potentials (EPSPs) or actual spikes. Since one M-cell spike is known to elicit one CoLo spike, we used this as the reference for CoLo spikes in each separate preparation. We took the first derivative (dV/dt) of each CoLo voltage trace where the M-cell was fired to obtain the highest rate of change. The average of these peak rates was then used as the lowest criterion to classify a CoLo spike ( Figure S3 ).
CoLos on both sides of the caudal spinal cord were consistently active with a short latency in both S-and C-starts (Figure 3E) . Paired recordings between the ipsilateral M-cell and contralateral caudal CoLos were conducted to determine the timing of the M-cell spike in relation to CoLo activity (N = 12, n = 47) ( Figures 3A-3D) . In both S-and C-starts, the M-cell fired consistently after the first CoLo spike in the caudal spinal cord and thus could not have caused short-latency activation ( Figures  3C and 3D) . CoLo activity duration (calculated as the duration between first and last spike) was 7.54 ± 2.51 ms in C-starts and was significantly longer than in S-starts (4.26 ± 2.90 ms; Mann-Whitney U test, p < 0.05) ( Figure 3D ). The above data show CoLos fired with a short latency and with different durations of activity for S-starts and C-starts, consistent with the duration of inhibition observed in caudal CaPs. This suggests CoLos may be responsible for, or at least contribute to, the short-latency inhibition observed in caudal CaPs during tail stimulation.
CoLos are not known to function in local circuits in the absence of descending M-cell input. To determine local alternative sources of input to activate the CoLos, we investigated Rohon-Beard (RB) sensory cells in the caudal spinal cord. RBs are located at the dorsal midline of the spinal cord and were chosen at random since their projection pattern could not be easily determined. RBs respond to tail stimulation with a short-latency spike ( Figure 3F ). RBs fired reliably at 1.72 ± 0.90 ms and 1.57 ± 0.86 ms following the stimulus in S-and C-starts, respectively. Simultaneous recordings from RBs and contralateral CoLos were conducted to test for connectivity between the cells ( Figure 3G ). Out of seven fish where a RB and a CoLo were patched simultaneously, CoLos in three fish could be activated when suprathreshold current was injected into the RB ( Figure 3G1 ). In these three fish, RB spikes were able to elicit CoLo activity in 14 out of 33 trials (42.4%). The latency between RB spikes and CoLo activity was 4.49 ± 1.35 ms, and the amplitude of CoLo spikes was 6.95 ± 4.44 mV. In the connected RB-CoLo pairs described above, when suprathreshold current injection in RBs failed to elicit CoLo spikes (19 out of 33 trials, 57.6%), only an extremely small depolarization was observed ( Figure 3G2 ). This fast depolarization can also be seen occurring before CoLo spikes in elicited responses and may be a result of electrical coupling between the two cells. These results show RBs are reliably active during tail escapes and are able to elicit spikes in CoLos, suggesting a mechanism for sensory input directly to local circuits in the caudal spinal cord.
Proposed S-Start Neural Circuit
We propose that tail-elicited escapes are generated in a distributed system where sensory information is processed both at the spinal cord and hindbrain levels. RBs are activated by tail stimulation and in turn activate CoLos on both sides, pre-determining the degree of inhibition in motoneurons in the caudal spinal cord. RBs also relay sensory information to both M-cells, causing M-cells to fire. RBs have been shown to project ascending axons to the M-cell [15] , and RBs are also known to synapse with a type of ascending interneuron, the commissural primary ascending (CoPA) interneuron [16] ; thus, caudal RBs may carry sensory inputs rostrally through these two channels. The difference in M-cell spike latency determines which side of the rostral spinal cord is activated: the first M-cell to fire will shut down motor activity in the opposite side of the rostral spinal cord. In the caudal spinal cord, however, the interaction of the excitation from the Mauthner spike with the inhibition already in place via CoLos determines the direction of the final motor output. Thus, caudal motor activity is determined independently from rostral activity in a two-part decision-making mechanism. Examples where S-and C-start can be generated by this model are described in Figure 4 .
DISCUSSION
M-Cells
Inhibitory circuits in the hindbrain prevent bilateral M-cell firing [17] ; however, such bilateral firing has previously been demonstrated to occur in larval zebrafish [13, 18] . Our results also show that bilateral firing is fairly common in response to tail stimulation. We suggest that in the case of larval zebrafish responding to tail stimuli, bilateral M-cell firing is not aberrant but instead has functional significance in providing the mechanism for generating an alternative S-start response in addition to the C-start. Previous studies show that ablating one M-cell elicits normal escapes, and that abnormal escapes, some of which were described as ''S-shaped'' and thought to be caused by bilateral M-cell activity, were never observed [13] . This supports our S-start circuit model where S-starts require the activity of both M-cells, and removing one would abolish the caudal activity and thus the S-start.
In adult goldfish, the activity of the trailing spike from bilateral M-cell firing is suppressed if the latency difference between the spikes is greater than 0.2 ms [19] . This suppression of the trailing spike activity is thought to be carried out via CoLo cells in the spinal cord [13] . We find that in larval zebrafish, the latency between bilateral M-cell spikes was 0.37 ± 0.49 ms for S-starts and 0.41 ± 0.36 ms for bilateral M-cell C-starts. However, here we show that the activity elicited by the trailing M-cell was not suppressed in the caudal Table S1. spinal cord in S-starts due to CoLo activity in the caudal spinal cord being independently controlled of rostral excitation signals. The uncoupling of CoLo activity on opposite sides along the rostrocaudal axis allows the trailing M-cell spike to activate motoneurons.
M-cells are known to be particularly important for driving tailelicited startle [8, 9] . In addition, the M-cell serial homologs, MiD2cm and MiD3cm, which are active in head-stimulated startles, have been shown through calcium imaging and cell ablation approaches not to be involved in the tail response [8, 18] . We confirmed the lack of activity of MiD2cm in response to tail stimulation with electrophysiology ( Figure S4 ).
CoLos and RBs
Previous studies with CoLo ablation experiments show that ablating CoLos unilaterally in the caudal spinal cord elicited ''abnormal'' escapes, some taking on an S-shape [13] . Unilateral CoLo ablation is functionally similar to unilateral CoLo inhibition in the caudal spinal cord, the mechanism we propose for generating motor activity on the opposite side as the rostral activity, and the resulting motor pattern taking on an S-shape after ablation supports our circuit for the S-start motor pattern.
Further investigation is needed to elucidate the mechanism of RB input to CoLos. In connected RB-CoLo pairs, RB spikes were not able to elicit PSPs in CoLos in a portion of the trials, suggesting multiple synapses between cells, or a single synapse with unreliable transmission. Latency timings that vary and are longer than 1-2 ms seem to suggest multiple synapses. Though our data were generated through single RB firing, multiple RB input or excitatory input from other cell types to CoLos may increase synaptic drive and decrease the time to reach firing threshold. The different latencies observed in CoLo activity in tail stimulation versus RB current injection trials would also suggest inputs from multiple sources, RB or otherwise. Due to the large number of RBs in each segment, optogentic techniques may be an efficient method of determining connections between multiple RBs and the pair of CoLos in a segment (e.g., [20, 21] ).
RBs are found close to the dorsal midline in the spinal cord of larval zebrafish. The peripheral axon of RBs innervate the skin and can be segregated into five groups based on morphology (4) . In the rostral spinal cord, the ipsilateral M-cell activates CoLos and motoneurons on the contralateral side, causing motor output on the contralateral side and inhibiting motor output that would be otherwise generated by the contralateral M-cell (5). In the caudal spinal cord, inhibition from CoLos reduces the likelihood of motoneuron activity on the contralateral side; thus, the descending M-cell spikes are more likely to fire motoneurons on the ipsilateral side (6) . This causes bilateral motor activity on opposite sides of the rostral and caudal trunk. (B) An alternative C-start can be elicited when motoneurons in the caudal cord are inhibited on the opposite side as rostral motor activity, allowing motor activity in the caudal trunk and tail to match with that in the rostral trunk (2) . The ipsilateral M-cell fires slightly before the contralateral and causes motor activity on the rostral contralateral side (4). In the caudal spinal cord, motoneurons on the contralateral side are more likely to fire due to inhibition from CoLos to motoneurons on the ipsilateral side (6), thus causing unilateral motor activity on the contralateral side. See also Figures S1 and S4. [15] , most likely representing a diversity in RB function and connectivity, and may explain why only a portion of RBs we recorded from had connections with CoLos. It was difficult to determine which side the recorded RBs projected to, and some cells may have projected to the opposite side as the recorded CoLo. The flattened shape of the tail also suggests that caudal sensory inputs may not be as capable in determining the direction of stimulation, increasing the likelihood of circuits on either side of the spinal cord and hindbrain to be activated. The population of RBs exists transiently in larval zebrafish and is known to go through programmed cell death during larval development [22] [23] [24] . Since adult zebrafish are not known to perform S-starts, the disappearance of RBs may be a factor in the loss of the escape response. Changes in body shape through development may also be involved in the loss of S-starts, as larval zebrafish transition from a body elongation (measured as the ratio of body length to body depth) in the range of other species that perform both S-and C-starts, to short-bodied adults. As many fish species are elongate as larva and become short bodied by the adult stage [25] , it is also possible that the S-start has been conserved in the larval stage across much of the phylogeny of fishes but are not evident in adults in which most physiological and kinematic experiments, including the formative work on the M-cell of goldfish, were conducted.
Conclusions
Our study shows that bilateral M-cell activity can be used to generate two alternative startle behaviors through interaction with local sensory circuits in the caudal spinal cord. Our findings demonstrate a functional role for bilateral M-cell activation and reveal a distributed system for decision-making that involves neural components in the hindbrain and local mechanisms in spinal cord. 
